Demonstration of MultiSetting One-Way Einstein-Podolsky-Rosen Steering
  in Two-Qubit Systems by Xiao, Ya et al.
Demonstration of Multi-Setting One-Way Einstein-Podolsky-Rosen Steering in
Two-Qubit Systems
Ya Xiao,1, 2 Xiang-Jun Ye,1, 2 Kai Sun,1, 2 Jin-Shi Xu,1, 2, ∗ Chuan-Feng Li,1, 2, † and Guang-Can Guo1, 2
1CAS Key Laboratory of Quantum Information, University of Science
and Technology of China, Hefei 230026, People’s Republic of China
2Synergetic Innovation Center of Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei 230026, People’s Republic of China
(Dated: November 16, 2018)
Einstein-Podolsky-Rosen (EPR) steering describes the ability of one party to remotely affect
another’s state through local measurements. One of the most distinguishable properties of EPR
steering is its asymmetric aspect. Steering can work in one direction but fail in the opposite direc-
tion. This type of one-way steering, which is different from the symmetry concepts of entanglement
and Bell nonlocality, has garnered much interest. However, an experimental demonstration of gen-
uine EPR steering in the simplest scenario, i.e., one that employs two-qubit systems, is still lacking.
In this work, we experimentally demonstrate one-way EPR steering with multimeasurement set-
tings for a class of two-qubit states, which are still one-way steerable even with infinite settings.
The steerability is quantified by the steering radius, which represents a necessary and sufficient
steering criterion. The demonstrated one-way steering in the simplest bipartite quantum system
is of fundamental interest and may provide potential applications in one-way quantum information
tasks.
In 1935, Einstein, Podolsky and Rosen (EPR) de-
scribed a “spooky” action permissible under the rules
of quantum mechanics: “as a consequence of two differ-
ent measurements performed upon the first system, the
second system may be left in states with two different (en-
sembles of) wave functions” [1]. As a response to EPR’s
work, Schro¨dinger generalized this argument and referred
to the ability of Alice to remotely affect Bob’s state by
choosing her measurement basis as steering [2, 3]. The
rigorous definition and operational framework for under-
standing steering were recently formulated by Wiseman
et al. [4, 5], in which the authors showed the hierarchy of
nonlocality: steerable states are a subset of the entangled
states and a superset of Bell nonlocal states [6].
Another interesting property of steering according to
the definition is its asymmetry: Alice and Bob play differ-
ent roles in the steering scenario. For a given two-party
system, one can ask whether Alice can steer Bob, which
shows Alice’s ability to remotely affect Bob’s states and
vice versa. This formal asymmetry can never be found
in entanglement or Bell nonlocality by their definitions,
which may provide potential applications for the one-
sided device-independent quantum key distribution [7–
9].
It is natural to verify steering by violating steering
inequalities. However, to certify a one-way steerable
state, one needs to solve two obstacles. The first diffi-
culty is when all those one-way steerable states are Bell-
local states [4]; thus, a highly efficient and experimental
error-tolerant steering criterion is required to verify Al-
ice’s ability to steer Bob. The second difficulty, which
is the most challenging part, is to prove, for any mea-
surement settings, that Bob cannot steer Alice. Great
efforts have been made in designing one-way EPR steer-
ing tests. The asymmetry of the EPR-steering correla-
tion was first investigated by Wiseman et al. They of-
fered the problem of whether there exists an asymmetric
quantum steering state as the foremost open question in
their work [4]. Later, it was shown theoretically [10–
12] that such a phenomenon could occur in continuous
variable systems. However, these results hold only for
a restricted class of measurements, i.e., Gaussian mea-
surements, and there was no evidence that this asym-
metry would persist for more general measurements. A
year later, Bowles et al. theoretically confirmed for the
first time that quantum nonlocality can be fundamen-
tally asymmetric [13]. They presented a class of one-way
steerable states in a two-qubit system with at least 13
projective measurements. However, the requirement for
the state preparation is very high, and it is difficult to ex-
perimentally demonstrate the corresponding steerability.
Recently, they further investigated the one-way steering
problem by presenting a sufficient criterion (a nonlinear
criterion) for guaranteeing that a two-qubit state is un-
steerable [14], which provides a general method for con-
structing the one-way steerable states.
A few experiments have also been carried out over the
past few years to study the asymmetric steering. The
first experimental demonstration was restricted to Gaus-
sian measurements for Gaussian states [15]. Recently,
two more experiments were conducted to observe the one-
way steering. Based on the analysis of detector efficiency,
Wollmann et al. [16] designed an experiment to demon-
strate one-way steering in a qubit-qutrit system, which
consisted of a Werner state with a lossy channel at one
side [17, 18]. However, because the dimensionality of the
prepared state is asymmetric, one may doubt where the
one-way steering characteristic comes from. The lossy
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2channel, which introduces an additional vacuum state on
one side, is essential to their protocol. Without this in-
creased dimension, the asymmetric steering cannot be
demonstrated in principle. The other experiment re-
garding asymmetric EPR-steering was reported by Sun
et al. [19], in which the protocol is restricted to two-
measurement settings. The one-way steering characteris-
tic may disappear with more measurement settings. The
demonstration of genuine one-way steering with multi-
measurement settings in the simplest bipartite system
would be of fundamental interest and provide practi-
cal applications in one-way quantum information tasks,
which are still lacking. This suggests that further exper-
imental efforts are needed.
In this work, we experimentally demonstrate the multi-
setting one-way steering in a two-qubit system for the
first time. The steerability is quantified by a necessary
and sufficient steering criterion, i.e., the steering radius
[19]. These results will provide a deeper understanding
of the asymmetric characteristic of steering.
Multi-setting one-way EPR steering and steering
radius.—To clarify the steering scenario, we show the
process of Alice steering Bob in the case of three-
measurement settings in Fig. 1. Bob is not sure whether
the received qubit state is from half of a steerable state
(ρAB , from channel a) or from a local hidden state model
(LHSM, from channel b). He asks Alice to measure her
qubit in one of the directions {~n1, ~n2, ~n3} through clas-
sical communication. Alice then sends Bob the mea-
surement result a ∈ {0, 1}. Correspondingly, Bob ob-
tains a conditional state ρ˜a|~n = TrA((Ma|~n ⊗ IB)ρAB).
Ma|~n = (IA + (−1)a~n ·~σ)/2 is the measurement operator
of Alice’s state. IA (IB) represents the identity matrix
on Alice’s (Bob’s) side, and ~σ = (σx, σy, σz) is the Pauli
vector. When Bob’s state can be described by a LHSM,
the conditional state can be written as
ρ˜a|~n =
∑
i
P (a|~n, i)piρi, (1)
where P (a|~n, i) is a conditional probability. {piρi} is the
local hidden state ensemble, with the state ρi and cor-
responding probability pi. Otherwise, Bob is convinced
that Alice can steer his state and that the qubit he re-
ceived is from channel a.
Here, we use a value called steering radius RA→B to
quantify the ability of Alice to steer Bob [19]. In the
case of three-measurement settings, it has been proven
that eight local hidden states are sufficient to reproduce
the six conditional states if a LHSM exists [20]. The ra-
dius of the Bloch vector of the corresponding local hidden
state ρi is represented as |~Ri|, with i ∈ {1, 2 · · · 8}. For
a different solution set of {piρi} of Eq. 1, the minimum
radius is defined as r{~n1,~n2,~n3} = min{piρi}
{max{|~Ri|}}. Ob-
viously, r{~n1,~n2,~n3} is dependent on a given measurement
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FIG. 1. Illustration of the EPR steering scenario with
three-measurement settings. The steps in the task, from
(1) to (4), are as follows. (1) Alice sends a qubit to Bob,
who is not sure whether the state is from a steerable state
(ρAB , channel a) or from a local hidden state model (LHSM,
channel b). (2) Alice measures her qubit along one of
the directions {~n1, ~n2, ~n3} required by Bob through classi-
cal communication. (3) Alice sends her measurement results
{0|~n1, 1|~n1, 0|~n2, 1|~n2, 0|~n3, 1|~n3} to Bob. Six corresponding
conditional states are obtained by Bob, which are denoted
as ρ˜a|~n, with a ∈ {0, 1} and ~n ∈ {~n1, ~n2, ~n3}. (4) Bob an-
alyzes the results to calculate the steering radius RA→B . If
RA→B > 1, Alice successfully steers Bob’s state. The qubit
received by Bob is confirmed to be from channel a.
direction assemblage {~n1, ~n2, ~n3}. The steering radius is
defined as RA→B = max{~n1,~n2,~n3}
{r{~n1,~n2,~n3}}. If RA→B > 1,
there is no physical solution of Eq. 1, which indicates
that there is no LHSM to describe the conditional states
obtained on Bob’s side. The steering task from Alice to
Bob is successful. Otherwise, if RA→B ≤ 1, the EPR
steering task fails. The analysis can be extended to more
measurement settings, and the steering radius for the
case in which Bob steers Alice (RB→A) can be analyzed
in a similar way.
In this work, we prepare a family of two-qubit states:
ρAB(p, θ) = p|ψ(θ)〉〈ψ(θ)|+ (1− p)IA/2⊗ ρθB , (2)
where |ψ(θ)〉 = cos(θ)|HH〉 + sin(θ)|V V 〉, with H and
V representing the horizontal and vertical polarizations,
respectively. ρθB = TrA(|ψ(θ)〉〈ψ(θ)|). It has been
demonstrated [14] that for θ ∈ [0, pi/4] and cos2(2θ) >
2p− 1
(2− p)p3 , the steering from Bob to Alice is impossible
even for an infinite number of projective measurements
carried out by Alice. However, Alice can steer Bob for
p > 1/2.
Experimentally, we focus on two- and three-
measurement settings. The conditions of states ρAB sat-
isfying one-way steering from Alice to Bob are RA→B > 1
and RB→A ≤ 1. In the case of two-measurement settings,
3the condition can be rewritten as: θ ∈ (0, pi/4) and
1√
2
< p ≤ 1√
1 + sin2(2θ)
. (3)
while the condition for three-measurement settings is θ ∈
(0, pi/4) and
1√
3
< p ≤ 1√
1 + 2 sin2(2θ)
. (4)
The detailed calculation and proof are shown in the Sup-
plementary Material [21].
Experimental setup and results.—Fig. 2 shows our ex-
perimental setup. A 404 nm continuous-wave diode laser
(L) with polarization set by a half-wave plate is used to
pump a 20 mm-long PPKTP crystal inside a polariza-
tion Sagnac interferometer [22] to generate polarization-
entangled photons in the state |ψ(θ)〉. Two interference
filters with a bandwidth of 3 nm are used to filter the
photons. One of the two photons is sent to an unbal-
anced interferometer (UI) and then sent to Alice. The
other photon is sent to Bob directly. In the UI, the
photon is separated into three paths, denoted as i1, i2
and i3, by a beam splitter (BS) and a polarization beam
splitter (PBS). The state of path i1 remains unchanged.
Half-wave plates (HWPs) along paths i2 and i3 are set
at 22.5◦, and two sufficiently long birefringent crystals
(PCs) introduce a sufficiently large time delay between
|H〉 and |V 〉 components, which can completely destroy
the coherence. The time difference between these three
paths is much larger than the coherence time of the pho-
tons. By combining these three paths into one, arbitrary
two-qubit states ρAB(p, θ) can be prepared. The param-
eter p can be controlled conveniently by employing re-
movable shutters (RSs).
The measurement setup, comprising a quarter-wave
plate (QWP), a HWP, and a PBS on both sides allows
us to measure along arbitrary axes on the Bloch sphere
for each qubit. For two- and three-measurement settings,
according to the symmetrical property of the steering el-
lipsoid of ρAB(p, θ) [23, 24], the optimal choice of mea-
surement settings is {~x, ~z} and {~x, ~y, ~z} for both steer-
ing directions, respectively. When the measurement is
carried out on one side, the other will obtain the corre-
sponding conditional states. Then, we can check whether
the state is one-way steerable by evaluating the steering
radii RA→B and RB→A.
We prepared 40 entangled states in the form of
ρAB(p, θ) to perform the EPR steering task. The de-
tailed process for determining the experimental param-
eters p and θ is shown in the Supplementary Material
[21]. Fig. 3a presents the distribution of the experi-
mental states with different p and θ. In the scenario
of three-measurement settings, the light red region de-
scribed by Ineq. 4 denotes the case of one-way steering
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FIG. 2. Experimental setup. a. State Preparation. A pair
of photons in a state |ψ(θ)〉 is generated via the spontaneous
parametric down-conversion process by pumping a type-II cut
PPKTP crystal located in a Sagnac interferometer with an ul-
traviolet laser (L) at 404 nm. The parameter θ is controlled
by the half-wave plate (HWP) in front of the laser. These two
photons are filtered by interference filters (IFs). One of the
photons passes through an unbalanced interferometer (UI) for
state preparation and is sent to Alice. The other photon is
sent to Bob. b. Measurement settings. The polarization
analyzer consisting of a quarter-wave plate (QWP), a HWP
and a polarization beam splitter (PBS) on both sides of Alice
and Bob is used for measurement settings. The photons are
detected by single-photon detectors (SPDs), and the signals
are sent for coincidence. c. The unbalance interferome-
ter (UI). The state of path i1 remains unchanged. HWPs set
at 22.5◦ and two sufficiently long birefringent crystals (PCs)
along paths i2 and i3 introduce a sufficiently large time de-
lay between |H〉 and |V 〉 components, which can completely
destroy the coherence. By combining these three paths into
one, arbitrary two-qubit states ρAB(p, θ) can be prepared.
The parameter p can be controlled conveniently by employ-
ing removable shutters (RSs).
in which Alice can steer Bob, but Bob cannot steer Al-
ice. In other cases, states located in the light brown re-
gion are steerable, and states located in the light blue
region are unsteerable in both directions. It is clear
that a tunable p allows the state to be shifted from a
region where it is unsteerable in both directions to a re-
gion where it is one-way steerable and finally to a re-
gion where it is two-way steerable. We further show the
one-way steering region in the case of two-measurement
settings, which is bounded by the dashed black lines ac-
cording to Ineq. 3. With more measurement settings,
more states are shown to be steerable. One-way steer-
able states can be turned into two-way steerable states
by increasing the measurement settings for some param-
eters. For the infinite-measurement settings, there is still
a parameter region where states are shown to be one-way
steerable, which could not be demonstrated in the previ-
ous work restricted to two-measurement settings [19]. As
shown in Fig. 3a, the states below the solid red curve de-
scribed by the relation cos2(2θ) =
2p− 1
(2− p)p3 are one-way
steerable with infinite-measurement settings [14].
We further consider the ability of Bob to steer Alice
4using the linear EPR-steering inequality, which is repre-
sented as Sn =
1
n
∑n
k=1〈σkABk〉 6 Cn. σkA is the Pauli
operator for Alice’s state, and Bk ∈ {−1, 1} is the ran-
dom variable on Bob’s side. Cn is the bound given by
the LHSM with n-measurement settings. The difference
between Sn and Cn (Sn − Cn) for the one-way steerable
states in the black box in Fig. 3a is shown in Fig. 3b.
If Sn − Cn > 0, the steerability is demonstrated. We
find that Sn−Cn slowly increases as the number of mea-
surement settings increases. All Sn are shown to be well
below Cn.
However, Sn−Cn is not a necessary and sufficient cri-
terion to quantify steering for states ρAB(p, θ). It only
shows, for a specific linear function, whether there ex-
ists a LHSM to obtain the value predicted by quantum
mechanics. Thus, it just tests partial properties of the
conditional states. However, the steering radius, as a
simplified variant of steering robustness [26], which is
discussed in Ref. [19], directly shows whether there ex-
ists a LHSM to simulate the corresponding conditional
states and gives a necessary and sufficient criterion for
steerability. We measure the steering radii RA→B and
RB→A of the corresponding states in Fig. 3a to clearly
demonstrate the one-way EPR steering, as shown in Fig.
4. The blue dots represent states for which the EPR
steering task fails in both directions (A=B, RA→B ≤ 1
and RB→A ≤ 1). The states represented by red trian-
gles show the case in which Alice steers Bob (A→B,
RA→B > 1 and RB→A ≤ 1). The brown squares rep-
resent the cases in which Alice and Bob can steer each
other (A↔B, RA→B > 1 and RB→A > 1). The values
of RA→B and RB→A clearly distinguish different steer-
ing situations, which agree well with the theoretical pre-
dictions. The inset in Fig. 4 is a magnification of the
region in the red pane. Error bars are due to Poissonian
counting statistics. The experimental states and steer-
ing radius in the case of two-measurement settings are
discussed further in the Supplementary Material [21].
Conclusion.—In our work, we construct a class of
states that are only steerable from Alice to Bob, even for
infinite-measurement settings. By measuring the steer-
ing radius, the asymmetric steerability of the prepared
states is clearly shown. Compared with the previous ex-
periments, our work provides a more essential and intu-
itive way to understand the asymmetric characteristic of
EPR steering. Our experimental results for the simplest
bipartite system, with a smaller requirement of quantum
resources, can yield potential applications in future one-
way quantum information tasks.
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FIG. 3. Distribution of experimental states and the value
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Cn. Error bars are due to the Poissonian counting statistics,
which are small, i.e., within the sizes of the symbols.
R
BABA
BA
A ˃B
RB ˃A
FIG. 4. The values of RA→B and RB→A. Different steering
situations are clearly distinguished by the values of RA→B and
RB→A, i.e., two-way steerable (A↔B, brown squares), one-
way steerable (A→B, red triangles) and unsteerable (A=B,
blue dots). The inset is the magnification of the corresponding
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